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Elimination of extracellular aggregates and apoptotic neural membranes without inﬂammation is crucial for brain tissue
homeostasis. In the mammalian central nervous system, essential molecules in this process are the Fc receptors and the DAP12-
associated receptors which both trigger the microglial immunoreceptor tyrosine-based activation motif- (ITAM-) Syk-signaling
cascade. Microglial triggering receptor expressed on myeloid cells-2 (TREM2), signal regulatory protein-β1, and complement
receptor-3 (CD11b/CD18) signal via the adaptor protein DAP12 and activate phagocytic activity of microglia. Microglial ITAM-
signaling receptors are counter-regulated by immunoreceptor tyrosine-based inhibition motif- (ITIM-) signaling molecules such
as sialic acid-binding immunoglobulin superfamily lectins (Siglecs). Siglecs can suppress the proinﬂammatory and phagocytic
activityofmicrogliaviaITIMsignaling.Moreover,microglialneurotoxicityisalleviatedviainteractionofSiglec-11withsialicacids
on the neuronal glycocalyx. Thus, ITAM- and ITIM-signaling receptors modulate microglial phagocytosis and cytokine expression
during neuroinﬂammatory processes. Their dysfunction could lead to impaired phagocytic clearance and neurodegeneration
triggered by chronic inﬂammation.
1.MicrogliaandAlzheimer’s Disease
Microglial cells originate from myeloid cells of the
hematopoietic lineage and are the resident immune cells
of the central nervous system (CNS). They are involved in
the active immune defense by their ability to phagocytose
invading bacteria and to release reactive oxygen species
acting as microbicides. In the healthy brain, microglia
are relative evenly distributed and predominantly found
in a so-called “resting” state, displaying a small cell body
with many highly branched processes, which are highly
motile and continuously monitor the brain parenchyma
[1–3]. Microglia are involved in tissue maintenance, exe-
cution of innate immunity, and participation in adaptive
immuneresponses[1–3].Theyareregardedasactivesensors,
searching for and reading biochemical signals of pathogenic
changes in the brain environment [2]. In response to
injury, ischemia and inﬂammatory stimuli microglia change
from an immunologically silent state to an activated state
that is reﬂected in diﬀerent morphological appearance—
amoeboid, rodlike, or phagocytic. They can migrate to the
site of disturbance, secrete a wide range of soluble factors
including cytokines as well as neurotrophic factors, and
phagocytose cellular debris. Thereby, microglia contribute
to tissue homeostasis and regeneration [2–5]. The eﬀects
of activated microglia can be highly diverse. On the one
hand, they are neurotoxic by producing pro-inﬂammatory
mediators including cytokines and reactive oxygen species
such as interleukin-1β, tumor necrosis factor-α and nitric
oxide, which are potent inducers of neuronal damage and
cell death [3]. On the other hand, they can also initiate anti-
inﬂammatory and immunosuppressive signaling that results
in repair, resolution of inﬂammation and turning back to
tissue homeostasis [3, 6, 7]. Furthermore, microglia act as
regulators of neuronal survival and development through
cytokines and chemokines such as interleukin-6 and CCL5
(RANTES). Activated, interleukin-6 producing microglia
have been shown to decrease in vitro the neurogenesis of
neural stem cells and increase the number of apoptotic cells
in diﬀerentiating cultures [8]. Moreover, upon stimulation,2 International Journal of Alzheimer’s Disease
RANTES is produced by microglia [9]. Due to the observa-
tion that similar amounts of RANTES are produced by fetal
and adult microglia, Hu et al. suggest this chemokine to be
acquired early in brain development [9].
Increasing evidence indicates that microglia are involved
in almost all types of brain pathology. In the aging brain
and most chronic neurodegenerative diseases including
Parkinson’s disease and Alzheimer’s disease (AD), microglial
cells become activated and provoke ambivalent eﬀects. They
can either be deleterious by enhancing neurodegeneration
through secreting cytokines and neurotoxins [10], or might
be beneﬁcial by principally migrating to the amyloid-β (Aβ)
plaques and phagocytosing Aβ deposits. Recently, it was
shownbyinvivomultiphotonmicroscopyindiﬀerentanimal
models of AD that Aβ plaques could appear within 24 hours
and microglial cells are activated and recruited to the newly
formed plaques within one day [11]. Additionally, within
one week after the onset of plaque formation dysmorphic
neurites were present [11]. Interestingly, microglial cells
seem to contribute to AD progression. Although maintain-
ing their ability to produce pro-inﬂammatory cytokines,
microglia of aging APP/PS1-transgenic mice, a mouse model
of Aβ plaque formation associated with AD, become dys-
functional and display a reduced Aβ clearance capability
[12], suggesting that Aβ plaques might partially result from
impaired microglial removal. However, in APP-transgenic
mice that barely exhibit resident microglia, formation and
maintenance of Aβ p l a q u e sh a v eb e e nl a t e l yd e m o n s t r a t e d
unchanged [13]. Nevertheless, several lines of in vitro evi-
dence suggest the involvement of innate immune signaling
during recognition of Aβ.D i ﬀerent receptors expressed on
microglia such as CD14 and toll-like receptors (TLR) 2 and
4 are known to contribute to the clearance of Aβ plaques in
AD [14–16]. CD14 is involved in the uptake of the bacterial
component lipopolysaccharide (LPS) [15]. To transduce
activation signals, CD14 interacts with TLR2 and TLR4
containing dimeric complexes [16, 17]. Additionally, CD14
has been shown to speciﬁcally mediate Aβ phagocytosis in
vitro. Cells expressing CD14 internalized signiﬁcantly higher
amounts of Aβ compared to CD14-deﬁcient cells while
the uptake of microbeads was unaﬀected [15]. Moreover,
CD14 acts together with TLR2 and TLR4 to bind Aβ
and subsequently activate intracellular signaling leading
to phagocytosis in vitro. Cells deﬁcient for either CD14,
TLR2 or TLR4 could not initiate the cascades inducing
phagocytosis [16]. Recently, CD36, another coreceptor of
TLRs, has been described in vitro to facilitate the assembly
of a heteromeric complex of CD36, TLR4, and TLR6 upon
binding of Aβ [14]. However, the exact receptors which
might scavenge Aβ and/or induce microglial phagocytic
responses and signaling pathways that impair microglial
phagocytosis in vivo are still unclear.
2.MicroglialITAM-ITIMSignaling
Latest publications indicate that immunoreceptor tyrosine-
based activation motif (ITAM) signaling plays an important
role in the phagocytic process. ITAM-containing signaling
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Figure 1: ITAM-/ITIM-signaling cascade. Left side: Upon ligand
binding, activatory receptors like TREM2, SIRPβ1, FcγRI or
FcγRIIIA associate with ITAM containing adaptor proteins such
as DAP12 or the common γ chains through interactions between
charged amino acids (−/+) within the transmembrane regions
of each protein. Subsequently, members of Src kinase family
(SKF) phosphorylate tyrosine residues of ITAMs. Phosphotyrosine
residues are docking sites for Syk protein kinases that upon
activation mediate cellular activation via a number of downstream
cascades. Right side: Upon ligand binding, inhibitory receptors like
most Siglecs recruit SHP1 and SHP2 which can in turn terminate
intracellular signals emanating from ITAM receptors.
adaptor proteins are associated with receptor subunits. After
the binding of ligand and receptor, the tyrosine residues
of the ITAMs become phosphorylated by members of the
Src kinase family (Figure 1, left side). These phosphotyro-
sine residues are docking sites for Src homology 2 (SH2)
domains of Syk protein kinases which upon activation
mediate cellular activation via a number of downstream
cascades [18–20]. The processes involved in phagocytosis
of apoptotic material are well conserved from worms to
mammals [21]. Draper is a phagocytic receptor of the fruit
ﬂy Drosophila with an ITAM in the intracellular domain.
Recently, it has been described that upon phosphorylation
of ITAM tyrosine residues, Draper can bind the nonreceptor
tyrosine kinase Shark which is similar to the mammalian
Syk. Moreover, not only the activity of Shark but also the
ITAM-phosphorylation of Draper is required for Draper-
mediated signaling events such as the attraction of glial
membranes to damaged axons and the glial phagocytic activ-
ity[21].Interestingly,theDraper-ITAMsignalingpathwayof
Drosophila and the DAP12-ITAM signaling of mammalian
immunoreceptors have a lot in common. The mammalian
DAP12 molecule is a transmembrane adaptor protein that
contains two ITAMs. It is expressed by microglia and
associates with cell membrane receptors such as triggering
receptorexpressedonmyeloidcells2(TREM2)[18]orsignal
regulatory protein-β1 (SIRPβ1) [22]. Stimulation of SIRPβ1International Journal of Alzheimer’s Disease 3
or TREM2 occurs by yet unknown endogenous ligands.
For TREM2 it has been suggested that it binds to lipo-
oligosaccharides of Gram-positive and -negative bacteria.
Theobservationthatthebindingcanbedisruptedbyanionic
carbohydrates led to the suggestion that a charge-dependent
ligand recognition takes place [23]. Upon stimulation of
SIRPβ1 or TREM2, a phosphorylation of DAP12-ITAM is
induced and the phagocytic activity of microglial cells is
increased in vitro [22, 24, 25]. TREM2-DAP12 signaling
via ITAM also promotes phagocytosis of bacteria. It has
been demonstrated in vitro that TREM2 mediates binding
of bacteria and promotes their internalization dependent
on Src kinase mediated tyrosine phosphorylation [26].
ITAMs are counter-regulated by immunoreceptor tyrosine-
based inhibition motifs (ITIMs; Figure 1, right side). Upon
ligand binding, inhibitory receptors with ITIMs prevent the
activation signals that originate from receptors associated
with ITAMs through the recruitment of SH2 domain
containing tyrosine phosphatases (SHP1 and SHP2) which
in turn can modulate the function of various signaling
pathways [27, 28]. Most CD33-related sialic acid-binding
immunoglobulin superfamily lectins (Siglecs), a subgroup
of the immunoglobulin superfamily that recognizes sialic
acid residues of glycoproteins and glycolipids, have one or
more ITIMs in the cytoplasmic domain [27, 29]. Binding
of Siglecs to highly sialylated proteins and lipids such
as clusterin, apolipoprotein E and gangliosides that are
abundantly present in AD plaques could in turn mediate an
inhibitory signaling cascade. Thereby, microglial phagocyto-
sis is possibly suppressed and the AD plaques might be left
untouched [28].
3.MicroglialFcReceptors
An important group of receptors on the surface of phago-
cytes, which signal via ITAM-Syk signaling and mediate
phagocytosis function, include the Fc receptors (FcR). FcR
interact with the Fc part of immunoglobulin (Ig) G bound
to antigen presented on microbial pathogens or autoantigens
[20, 30, 31]. Except for the human FcγRIIA (CD32a), which
itself possesses an ITAM located in the cytoplasmic region,
activating FcRs like FcγRI (CD64) and FcγRIIIA (CD16a)
havetointeractwithadaptormolecules,thecommonγ chain
of FcR that contain the required ITAMs. The common γ
chain of FcR is a homolog of the adaptor protein DAP12
and functionally close related to it. Subsequently, tyrosine
residues of the ITAM are phosphorylated by members of the
Src kinase family resulting in the establishment of docking
sites for Syk kinases (Figure 1,l e f ts i d e ) .A c t i v a t e dS y k
kinases in turn initiate a variety of downstream signals medi-
ated through calcium, protein kinase C, phospholipase A2,
phosphatidyl-inositol3-kinase,extracellularsignal-regulated
kinase and GTPases of the Rho family leading to phago-
cytosis of IgG coated and opsonized particles and antigens
[31–33]. Accordingly, microglial cells express the activating
FcRs CD16, CD32 and CD64 and phagocytose antigens
via the corresponding IgG subtypes [34, 35]. Moreover, in
brain areas displaying neurodegeneration such as multiple
sclerosis lesions, the expression of those FcRs on microglia
is increased [34], suggesting a role of FcRs in protecting
the surrounding tissue from IgG-opsonized antigens [35].
Furthermore, there is an ongoing discussion whether FcRs
play a role in AD by contributing to microglial Aβ clearance
[36]. In APP-transgenic mice it has been demonstrated that
antibodies directed against Aβ can enter the CNS [36]. One
study described that immunization of APP-transgenic mice
with Aβ1-42, which induced Aβ1-42 speciﬁc antibodies,
reduced Aβ deposition regardless of whether the mice were
genetically deﬁcient of the FcR domain FcRγ. The authors
suggest that FcR-mediated mechanisms are irrelevant for the
eﬀectiveness of Aβ immunotherapy in vivo [37]. However,
another study clearly demonstrated by using an ex vivo assay,
in which primary microglial cells were cultured with unﬁxed
c r y o s t a ts e c t i o n so fA Db r a i n s ,t h a tA β antibodies could
evoke FcR-mediated microglial phagocytosis of Aβ plaques
and subsequent Aβ degradation [36].
4.MicroglialDAP12AssociatedReceptors
Several DAP12 associated receptors are known including
activating natural killer cell receptors, like KIR2DS and
NKG2D, and myeloid receptors, such as signal regulatory
protein-β1 (SIRPβ1), TREM1, -2, -3 [38], complement
receptors [39], and certain Siglecs, such as Siglec-16 [40].
T h i sr e v i e ww i l lf o c u so ns o m eo ft h e m .
4.1. TREM2. The glycoprotein TREM2 is expressed on
microglia [41], and consists of one extracellular Ig-like
domain, a transmembrane region with a charged lysine
residue and a short cytoplasmic tail [18]. As TREM2 lacks
an intracellular signaling tail, it is completely dependent on
the presence of the adaptor protein DAP12 [18, 42]. As
mentioned before, the mammalian adaptor molecule DAP12
is another protein besides the common γ chain of FcR
that activates an ITAM-Src kinase signaling pathway. Via
signaling through the adaptor protein DAP12, TREM2, a
phagocytic receptor with still unknown endogenous ligand,
leads to activation of microglial cells. Activated microglia
in turn can clear cellular apoptotic material, thereby con-
tributing to tissue repair [18, 24, 43]. Therefore, a non-
functional TREM2 might be involved in brain damage by
causing accumulation of toxic products. Interestingly, loss-
of-function mutations of DAP12 or TREM2 both lead to
a chronic neurodegenerative disease called Nasu-Hakola
or polycystic lipomembranous osteodysplasia with scleros-
ing leukoencephalopathy (PLOSL), an autosomal recessive
inherited disease [18]. While this disease is characterized
by early onset presenile dementia followed by delayed
bone symptoms in patients carrying TREM2 mutations
[44], patients with mutations in DAP12 display an early
onset combination of presenile dementia and systemic
bone cysts [45, 46]. Moreover, it has been demonstrated
that TREM2 is down-regulated by inﬂammatory signals
[47]. All these data indicate that TREM2 might be func-
tionally crucial for the prevention of neurodegenerative
processes.4 International Journal of Alzheimer’s Disease
4.2. SIRPβ1. Recently, other new microglial receptors like
SIRPβ1 with a phagocytic ITAM signaling capacity have
been identiﬁed [25]. Like TREM2, SIRPβ1 is expressed
on microglial cells. In APP-transgenic mice and a mouse
model for experimental autoimmune encephalomyelitis,
the expression levels of both proteins are increased [25].
Furthermore, TREM2 and SIRPβ1 are plaque-associated and
increase the phagocytic activity of microglia [24, 25, 42,
43]. Upon neurodegenerative signals, TREM2 expression is
induced leading to increased phagocytosis and decreased
pro-inﬂammatory responses of microglial cells [42]. How-
ever, SIRPβ1 does not only speciﬁcally clear Aβ but also
neural debris and microsphere beads [25]. A strong increase
of microglial SIRPβ1 gene transcript has been revealed in
the cerebral hemispheres and cerebellum of an animal model
of AD, while the gene transcript of DAP12 has only been
increased slightly. Thus, up-regulation of SIPRβ1d o e sn o t
simply reﬂect a higher number of microglia. Moreover, it is
not directly triggered by the amyloid plaques but by other
disease-associatedprocessesincludinginterferons(IFNs)like
IFNβandIFNγ.Inculturedmicroglia,IFNshavebeenshown
to inﬂuence the gene transcription of SIRPβ1[ 25]. So far,
concrete in vivo evidence for a direct pathophysiological
relevance of SIRPβ1 is missing. While SIRPβ1 could not
only be detected on microglial cells associated with plaques,
but also in those not directly associated with plaques, it is
regarded asa potent regulatorof Aβ42ﬁbrilclearanceinvitro
[25].
4.3. Complement Receptor 3 (CD11b/CD18). Complement
receptor 3 (CD11b/CD18). Another potential microglial
DAP12-associated receptor is the complement receptor 3
(CR3), a major heterodimeric receptor consisting of the
integrins CD11b and CD18, which is involved in the com-
plement system. Complement 1q (C1q), the ﬁrst component
of the classical pathway, mediates complement 3 (C3)
deposition on apoptotic cells. The phagocytic receptor CR3
plays an important role in the subsequent clearance of C3-
opsonized structures [48]. Moreover, sequence similarities
to C1q-binding peptides in CD18 suggest direct binding of
CR3 (CD11b/CD18) to C1q [49]. As for immunoreceptors,
signal transduction by CD18 could follow the ITAM-DAP12
signaling cascade although a direct binding of integrins with
ITAM-containing proteins has not been demonstrated so far.
But, it has been shown that CD18-mediated Syk activation
requires the ITAM-associated molecules DAP12 and FcRγ
[39]. Furthermore, both DAP12 and CD11b are required
for targeted contact of microglia, like for the contact with
hippocampal neurons during development that induces cell
death [50]. Switching on the complement system plays an
important role in initiating inﬂammatory reactions in the
C N Sa so b s e rv e di nA D[ 51] by upregulation of phagocytosis
induced via activation and migration of immune cells [52].
Indeed, during formation of amyloid in APP-transgenic
mice increased mRNA and protein levels of components
of the complement system have been detected. Among
those there have been C1q and C3, at which the classical
and alternative pathway merge [53]. Moreover, complement
activation has been described to occur in amyloid plaques
in AD brains [54, 55] and complement products like the
membrane attack complex (C5b-9) have been reported to
be associated with amyloid plaques [56]. Additionally, C3
seems to be involved in the process of plaque clearance.
APP-transgenic mice either deﬁcient in C3 or expressing
a C3 complement inhibitor display accelerated Aβ plaque
deposition and prominent neurodegeneration [51, 57]a s
well as a changed activation state of the microglial cells
simultaneously [51]. However, while evidences for the direct
induction of a phagocytic ITAM signaling by activation of
the complement signaling cascade are missing so far, these
data suggest an involvement of complement components in
microglia for an eﬀective Aβ clearance.
5.MicroglialSiglecs
Siglecs are members of a subgroup of the Ig superfamily
that recognize speciﬁc sugar residues on the periphery
of cell surface glycans, the sialic acids. Because of their
sequence similarity and evolutionary conservation, Siglecs
can be separated into two subsets [58]. While CD33-related
SiglecsincludingCD33,Siglec-5to-11,Siglec-14,andSiglec-
16 evolve very rapidly by means of gene duplication or
conversion and exon shuﬄing or loss and show a similarity
of ∼50–99% in their protein sequences, other members
of the Siglec family such as sialoadhesin, CD22, myelin-
associated glycoprotein (MAG) and Siglec-15 are more
conserved and quite distantly related [27, 40, 59]. Humans
display ten CD33-related Siglecs and one Siglec-like protein;
mice however express only ﬁve CD33-related Siglecs, which
seem to have largely lost their CD33-related Siglec genes
[27, 40, 59–62]. Siglecs are type 1 transmembrane proteins
showing an amino-terminal Ig-like variable (V-set Ig-like)
domain that binds sialic acid and variable numbers of Ig-
like constant region type 2 (C2-set Ig-like) domains [27, 58,
62, 63]. Mostly, Siglecs function as inhibitory receptors via
one or more ITIMs in their cytoplasmic domain [27, 29].
ReceptorswithITIMscancounteractsignalsemanatingfrom
ITAM receptors via the recruitment of tyrosine phosphatases
such as SHP1 and SHP2 which can lead to the termination
of intracellular signals (Figure 1, right side) [27, 59]. Most
CD33-related Siglecs, such as the human Siglec-11, are
predominantly expressed on mature cells of the immune
system such as monocytes and macrophages. Therefore,
CD33-related Siglecs are suggested to be important regu-
lators of the innate immunity [27, 59, 62–64]. Siglec-11
has been shown to interact with SHP1 and SHP2 upon
tyrosine phosphorylation [29]. Interestingly, SHP1 seems
to be involved in antiinﬂammatory signaling of microglia.
Microglia deﬁcient for SHP1 have been demonstrated to
produce higher amounts of neurotoxic substances upon
LPS stimulation [65]. It has been shown that via inter-
action of microglial Siglecs with the neuronal glycocalyx
microglial neurotoxicity is alleviated. Furthermore, it has
been demonstrated that Siglec-11 expressing microglial cells
show a reduced phagocytic capacity of apoptotic material
in microglia-neuron coculture experiments [66], indicat-
ing that ITIM-signaling could be the opponent of the
phagocytosis-associated ITAM-Syk signaling pathway [21].International Journal of Alzheimer’s Disease 5
In addition to inhibiting cellular activation, CD33-related
Siglecs participate in the induction of apoptosis and the
release of pro-inﬂammatory cytokines [27, 67–69]. However,
few Siglecs have been demonstrated to associate with the
ITAM-containing adaptor protein DAP12, including the
recently discovered human Siglec-16. It contains a positively
charged lysine residue in its transmembrane domain but
lacks ITIM in its short cytoplasmic tail [40]. Cao et al.
[40] have shown that Siglec-16 is expressed on macrophages
and on rare microglial-like cell populations in the normal
human brain. Phylogenetic analysis of the transmembrane
and cytoplasmic tail domain of human and mammalian
CD33-related Siglecs revealed that Siglec-16 and the before
mentioned Siglec-11 are found in humans, but no direct
othologuesexistinrodents[40].Thisindicatesthatthesetwo
proteins expressed on human myeloid cells could especially
be involved in diseases that are uniquely occurring with their
whole peculiarities only in humans such as AD. So far, it
is not known whether DAP12 associated Siglecs also have
a sialic acid binding speciﬁcity as observed for the ITIM
bearing Siglecs. This should be investigated in the future to
ﬁnd out whether such Siglecs could counter-regulate each
other. However, the involvement of diﬀerent Siglecs in all
processes including apoptosis and inﬂammation indicates
a modulatory role of Siglecs in neuroinﬂammatory and
neurodegenerative diseases.
6. Conclusion
The biological functions of ITAM-/ITIM-signaling in
microglia are not fully understood. Several publications
indicate the involvement of ITAM- and ITIM-signaling
receptors in CNS innate immune responses and neu-
roinﬂammation. It is now becoming evident that those
receptors also play a major role in modulating microglial
phagocytosis and cytokine expression. Thus, dysfunctional
ITAM-/ITIM-signaling receptors lead to chronic neurode-
generative diseases like Nasu-Hakola disease characterized
by presenile dementia. These new insights might have
important implications for the pathogenesis and treatment
of the neuroinﬂammatory component of neurodegenerative
diseases.
Acknowledgments
The Neural Regeneration Group at the University Bonn LIFE
& BRAIN Center is supported by the Hertie-Foundation,
Walter-und-Ilse-Rose-Foundation, German Research Coun-
cil (DFG FOR1336; DFG KFO177, DFG SFB704) and the EU
(LSHM-CT-2005-018637).
References
[ 1 ]K .B i b e r ,H .N e u m a n n ,K .I n o u e ,a n dH .W .G .M .B o d d e k e ,
“Neuronal ’On’ and ’Oﬀ’ signals control microglia,” Trends in
Neurosciences, vol. 30, no. 11, pp. 596–602, 2007.
[2] U.-K. Hanisch and H. Kettenmann, “Microglia: active sensor
andversatileeﬀectorcellsinthenormalandpathologicbrain,”
Nature Neuroscience, vol. 10, no. 11, pp. 1387–1394, 2007.
[ 3 ]R .M .R a n s o h o ﬀ a n dV .H .P e r r y ,“ M i c r o g l i a lp h y s i o l o g y :
unique stimuli, specialized responses,” Annual Review of
Immunology, vol. 27, pp. 119–145, 2009.
[4] F. Aloisi, “Immune function of microglia,” GLIA, vol. 36, no.
2, pp. 165–179, 2001.
[5] M. J. Carson, “Microglia as liaisons between the immune and
central nervous systems: functional implications for multiple
sclerosis,” GLIA, vol. 40, no. 2, pp. 218–231, 2002.
[ 6 ]A .E .C a r d o n a ,E .P .P i o r o ,M .E .S a s s ee ta l . ,“ C o n t r o lo f
microglial neurotoxicity by the fractalkine receptor,” Nature
Neuroscience, vol. 9, no. 7, pp. 917–924, 2006.
[7] H. Neumann, M. R. Kotter, and R. J. M. Franklin, “Debris
clearance by microglia: an essential link between degeneration
and regeneration,” Brain, vol. 132, no. 2, pp. 288–295, 2009.
[ 8 ]M .L .M o n j e ,H .T o d a ,a n dT .D .P a l m e r ,“ I n ﬂ a m m a t o r y
blockade restores adult hippocampal neurogenesis,” Science,
vol. 302, no. 5651, pp. 1760–1765, 2003.
[9] S.Hu,C.C.Chao,L.C.Ehrlichetal.,“Inhibitionofmicroglial
cell RANTES production by IL-10 and TGF-β,” Journal of
Leukocyte Biology, vol. 65, no. 6, pp. 815–821, 1999.
[10] R. E. Mrak and W. S. T. Griﬃn, “Glia and their cytokines in
progressionofneurodegeneration,” NeurobiologyofAging,vol.
26, no. 3, pp. 349–354, 2005.
[11] M. Meyer-Luehmann, T. L. Spires-Jones, C. Prada et al.,
“Rapid appearance and local toxicity of amyloid-β plaques in
a mouse model of Alzheimer’s disease,” Nature, vol. 451, no.
7179, pp. 720–724, 2008.
[12] S. E. Hickman, E. K. Allison, and J. El Khoury, “Microglial
dysfunction and defective β-amyloid clearance pathways in
aging alzheimer’s disease mice,” Journal of Neuroscience, vol.
28, no. 33, pp. 8354–8360, 2008.
[13] S.A.Grathwohl,R.E.K¨ alin,T.Bolmontetal.,“Formationand
maintenance of Alzheimer’s disease β-amyloid plaques in the
absence of microglia,” Nature Neuroscience, vol. 12, no. 11, pp.
1361–1363, 2009.
[14] C. R. Stewart, L. M. Stuart, K. Wilkinson et al., “CD36 ligands
promote sterile inﬂammation through assembly of a Toll-like
receptor 4 and 6 heterodimer,” Nature Immunology, vol. 11,
no. 2, pp. 155–161, 2010.
[15] Y. Liu, S. Walter, M. Stagi et al., “LPS receptor (CD14): a
receptor for phagocytosis of Alzheimer’s amyloid peptide,”
Brain, vol. 128, no. 8, pp. 1778–1789, 2005.
[16] E. G. Reed-Geaghan, J. C. Savage, A. G. Hise, and G. E.
Landreth, “CD14 and toll-like receptors 2 and 4 are required
f o rﬁ b r i l l a rA β-stimulated microglial activation,” Journal of
Neuroscience, vol. 29, no. 38, pp. 11982–11992, 2009.
[17] T. Kielian, “Toll-like receptors in central nervous system
glial inﬂammation and homeostasis,” Journal of Neuroscience
Research, vol. 83, no. 5, pp. 711–730, 2006.
[18] M. Colonna, “Trems in the immune system and beyond,”
Nature Reviews Immunology, vol. 3, no. 6, pp. 445–453, 2003.
[ 1 9 ]J .A .H a m e r m a n ,M .N i ,J .R .K i l l e b r e w ,C . - L .C h u ,a n dC .
A. Lowell, “The expanding roles of ITAM adapters FcRγ and
DAP12 in myeloid cells,” Immunological Reviews, vol. 232, no.
1, pp. 42–58, 2009.
[20] F. Nimmerjahn and J. V. Ravetch, “Fc-receptors as regulators
of immunity,” Advances in Immunology, vol. 96, pp. 179–204,
2007.
[21] J. S. Ziegenfuss, R. Biswas, M. A. Avery et al., “Draper-
dependent glial phagocytic activity is mediated by Src and Syk
family kinase signalling,” Nature, vol. 453, no. 7197, pp. 935–
939, 2008.
[22] E. Tomasello, C. Cant, H.-J. Bhring et al., “Association of
signal-regulatory proteins β with KARAP/DAP-12,” European6 International Journal of Alzheimer’s Disease
Journal of Immunology, vol. 30, no. 8, pp. 2147–2156, 2000.
[23] M.R.Daws,P .M.Sullam,E.C.Niemi,T .T .Chen,N.K.Tchao ,
and W. E. Seaman, “Pattern recognition by TREM-2: binding
of anionic ligands,” Journal of Immunology, vol. 171, no. 2, pp.
594–599, 2003.
[24] K. Takahashi, C. D. P. Rochford, and H. Neumann, “Clearance
of apoptotic neurons without inﬂammation by microglial
triggering receptor expressed on myeloid cells-2,” Journal of
Experimental Medicine, vol. 201, no. 4, pp. 647–657, 2005.
[25] S. Gaikwad, S. Larionov, Y. Wang et al., “Signal regula-
tory protein-β1: a microglial modulator of phagocytosis in
Alzheimer’s disease,” American Journal of Pathology, vol. 175,
no. 6, pp. 2528–2539, 2009.
[ 2 6 ]E . - N .N ’ D i a y e ,C .S .B r a n d a ,S .S .B r a n d ae ta l . ,“ T R E M -
2 (triggering receptor expressed on myeloid cells 2) is a
phagocytic receptor for bacteria,” Journal of Cell Biology, vol.
184, no. 2, pp. 215–223, 2009.
[27] P. R. Crocker, J. C. Paulson, and A. Varki, “Siglecs and their
rolesintheimmunesystem,”NatureReviewsImmunology,vol.
7, no. 4, pp. 255–266, 2007.
[28] A. Salminen and K. Kaarniranta, “Siglec receptors and hiding
plaques in Alzheimer’s disease,” Journal of Molecular Medicine,
vol. 87, no. 7, pp. 697–701, 2009.
[29] T. Angata, S. C. Kerr, D. R. Greaves, N. M. Varki, P. R. Crocker,
and A. Varki, “Cloning and characterization of human Siglec-
11:arecentlyevolvedsignalingmoleculethatcaninteractwith
SHP-1 and SHP-2 and is expressed by tissue macrophages,
includingbrainmicroglia,”JournalofBiologicalChemistry,vol.
277, no. 27, pp. 24466–24474, 2002.
[30] J.V.RavetchandS.Bolland,“IgGFcreceptors,”Annual Review
of Immunology, vol. 19, pp. 275–290, 2001.
[31] F. Nimmerjahn and J. V. Ravetch, “Fcγ receptors: old friends
and new family members,” Immunity, vol. 24, no. 1, pp. 19–
28, 2006.
[32] L. Stephens, C. Ellson, and P. Hawkins, “Roles of PI3Ks in
leukocyte chemotaxis and phagocytosis,” Current Opinion in
Cell Biology, vol. 14, no. 2, pp. 203–213, 2002.
[33] E. Garc´ ıa-Garc´ ıa and C. Rosales, “Signal transduction during
Fc receptor-mediated phagocytosis,” Journal of Leukocyte
Biology, vol. 72, no. 6, pp. 1092–1108, 2002.
[34] E. Ulvestad, K. Williams, C. Vedeler et al., “Reactive microglia
in multiple sclerosis lesions have an increased expression of
receptors for the Fc part of IgG,” Journal of the Neurological
Sciences, vol. 121, no. 2, pp. 125–131, 1994.
[35] N. S. Peress, J. Siegelman, H. B. Fleit, M. W. Fanger, and
E. Perillo, “Monoclonal antibodies identify three IgG Fc
receptors in normal human central nervous system,” Clinical
Immunology and Immunopathology, vol. 53, no. 2 I, pp. 268–
280, 1989.
[36] F. Bard, C. Cannon, R. Barbour et al., “Peripherally admin-
istered antibodies against amyloid β-peptide enter the central
nervous system and reduce pathology in a mouse model of
Alzheimer disease,” Nature Medicine, vol. 6, no. 8, pp. 916–
919, 2000.
[ 3 7 ]P .D a s ,V .H o w a r d ,N .L o o s b r o c k ,D .D i c k s o n ,M .P .M u r p h y ,
and T. E. Golde, “Amyloid-β immunization eﬀectively reduces
amyloid deposition in FcRγ−/− knock-out mice,” Journal of
Neuroscience, vol. 23, no. 24, pp. 8532–8538, 2003.
[38] M. Colonna, “DAP12 signaling: from immune cells to bone
modeling and brain myelination,” Journal of Clinical Investi-
gation, vol. 111, no. 3, pp. 313–314, 2003.
[39] A. M´ ocsai, C. L. Abram, Z. Jakus, Y. Hu, L. L. Lanier, and C.
A. Lowell, “Integrin signaling in neutrophils and macrophages
uses adaptors containing immunoreceptor tyrosine-based
activation motifs,” Nature Immunology, vol. 7, no. 12, pp.
1326–1333, 2006.
[40] H.Cao,U.Lakner,B.deBono,J.A.Traherne,J.Trowsdale,and
A. D. Barrow, “SIGLEC16 encodes a DAP12-associated recep-
tor expressed in macrophages that evolved from its inhibitory
counterpartSIGLEC11andhasfunctionalandnon-functional
alleles in humans,” European Journal of Immunology, vol. 38,
no. 8, pp. 2303–2315, 2008.
[41] C. D. Schmid, L. N. Sautkulis, P. E. Danielson et al., “Het-
erogeneous expression of the triggering receptor expressed
on myeloid cells-2 on adult murine microglia,” Journal of
Neurochemistry, vol. 83, no. 6, pp. 1309–1320, 2002.
[42] S. Frank, G. J. Burbach, M. Bonin et al., “TREM2 is
upregulated in amyloid plaque-associated microglia in aged
APP23 transgenic mice,” GLIA, vol. 56, no. 13, pp. 1438–1447,
2008.
[43] K. Takahashi, M. Prinz, M. Stagi, O. Chechneva, and H.
Neumann, “TREM2-transduced myeloid precursors mediate
nervous tissue debris clearance and facilitate recovery in an
animal model of multiple sclerosis,” PLoS Medicine, vol. 4, no.
4, pp. 675–689, 2007.
[44] E.Chouery,V.Delague,A.Bergougnoux,S.Koussa,J.L.Serre,
and A. Megarbane, “Mutations in TREM2 lead to pure early-
onsetdementiawithoutbonecysts,”HumanMutation,vol.29,
no. 9, pp. E194–E204, 2008.
[45] J. Paloneva, M. Kestil¨ a, J. Wu et al., “Loss-of-function
mutations in TYROBP (DAP12) result in a presenile dementia
with bone cysts,” Nature Genetics, vol. 25, no. 3, pp. 357–361,
2000.
[46] L. L. Lanier and A. B. H. Bakker, “The ITAM-bearing
transmembrane adaptor DAP12 in lymphoid and myeloid cell
function,” Immunology Today, vol. 21, no. 12, pp. 611–614,
2000.
[47] A. Bouchon, C. Hern´ andez-Munain, M. Cella, and M.
Colonna,“ADAP12-mediatedpathwayregulatesexpressionof
CC chemokine receptor 7 and maturation of human dendritic
cells,” Journal of Experimental Medicine, vol. 194, no. 8, pp.
1111–1122, 2001.
[ 4 8 ]J .L u ,X .W u ,a n dB .K .T e h ,“ T h er e g u l a t o r yr o l e so fC 1 q , ”
Immunobiology, vol. 212, no. 4-5, pp. 245–252, 2007.
[49] V. Lauvrak, O. H. Brekke, ∅. Ihle, and B. H. Lindqvist,
“Identiﬁcation and characterisation of C1q-binding phage
displayed peptides,” Biological Chemistry, vol. 378, no. 12, pp.
1509–1519, 1997.
[50] S. Wakselman, C. B´ echade, A. Roumier, D. Bernard, A.
Triller, and A. Bessis, “Developmental neuronal death in
hippocampus requires the microglial CD11b integrin and
DAP12 immunoreceptor,” Journal of Neuroscience, vol. 28, no.
32, pp. 8138–8143, 2008.
[51] M. Maier, Y. Peng, L. Jiang, T. J. Seabrook, M. C. Carroll,
and C. A. Lemere, “Complement C3 deﬁciency leads to
accelerated amyloid β plaque deposition and neurodegenera-
tion and modulation of the microglia/macrophage phenotype
in amyloid precursor protein transgenic mice,” Journal of
Neuroscience, vol. 28, no. 25, pp. 6333–6341, 2008.
[52] K. M. Lucin and T. Wyss-Coray, “Immune activation in brain
agingandneurodegeneration:toomuchortoolittle?”Neuron,
vol. 64, no. 1, pp. 110–122, 2009.
[53] J. Reichwald, S. Danner, K.-H. Wiederhold, and M. Staufen-
biel, “Expression of complement system components during
aging and amyloid deposition in APP transgenic mice,”
Journal of Neuroinﬂammation, vol. 6, Article ID 35, 2009.
[54] P. Eikelenboom, C. E. Hack, J. M. Rozemuller, and F. C. Stam,
“Complement activation in amyloid plaques in Alzheimer’sInternational Journal of Alzheimer’s Disease 7
dementia,” Virchows Archiv Abteilung B Cell Pathology, vol. 56,
no. 4, pp. 259–262, 1989.
[ 5 5 ]P .L .M c G e e r ,H .A k i y a m a ,S .I t a g a k i ,a n dE .G .M c G e e r ,
“Activation of the classical complement pathway in brain
tissueofAlzheimerpatients,”NeuroscienceLetters,vol.107,no.
1–3, pp. 341–346, 1989.
[56] S. Webster, L.-F. Lue, L. Brachova et al., “Molecular and
cellular characterization of the membrane attack complex,
C5b-9, in Alzheimer’s disease,” Neurobiology of Aging, vol. 18,
no. 4, pp. 415–421, 1997.
[57] T.Wyss-Coray,F.Yan,A.H.-T.Linetal.,“Prominentneurode-
generation and increased plaque formation in complement-
inhibited Alzheimer’s mice,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 99, no.
16, pp. 10837–10842, 2002.
[58] A. Varki and T. Angata, “Siglecs—the major subfamily of I-
type lectins,” Glycobiology, vol. 16, no. 1, 2006.
[ 5 9 ] H .C a o ,B .D eB o n o ,K .B e l o v ,E .S .W o n g ,J .T r o w s d a l e ,a n dA .
D. Barrow, “Comparative genomics indicates the mammalian
CD33rSiglec locus evolved by an ancient large-scale inverse
duplication and suggests all Siglecs share a common ancestral
region,” Immunogenetics, vol. 61, no. 5, pp. 401–417, 2009.
[60] T. Angata, T. Hayakawa, M. Yamanaka, A. Varki, and M.
Nakamura,“DiscoveryofSiglec-14,anovelsialicacidreceptor
undergoing concerted evolution with Siglec-5 in primates,”
FASEB Journal, vol. 20, no. 12, pp. 1964–1973, 2006.
[61] T. Angata, Y. Tabuchi, K. Nakamura, and M. Nakamura,
“Siglec-15: an immune system Siglec conserved throughout
vertebrateevolution,”Glycobiology,vol.17,no.8,pp.838–846,
2007.
[62] A. Varki, “Natural ligands for CD33-related Siglecs?” Glycobi-
ology, vol. 19, no. 8, pp. 810–812, 2009.
[63] P. R. Crocker, “Siglecs in innate immunity,” Current Opinion
in Pharmacology, vol. 5, no. 4, pp. 431–437, 2005.
[64] A. F. Carlin, S. Uchiyama, Y.-C. Chang, A. L. Lewis, V. Nizet,
and A. Varki, “Molecular mimicry of host sialylated glycans
allows a bacterial pathogen to engage neutrophil Siglec-9 and
dampen the innate immune response,” Blood, vol. 113, no. 14,
pp. 3333–3336, 2009.
[ 6 5 ]J .Z h a o ,D .M .B r o o k s ,a n dD .I .L u r i e ,“ L i p o p o l y s a c c h a r i d e -
activated SHP-1-deﬁcient motheaten microglia release
increased nitric oxide, TNF-α,a n dI L - 1 β,” GLIA, vol. 53, no.
3, pp. 304–312, 2006.
[66] Y. Wang and H. Neumann, “Alleviation of neurotoxicity by
microglial human Siglec-11,” Journal of Neuroscience, vol. 30,
no. 9, pp. 3482–3488, 2010.
[67] E. Nutku, H. Aizawa, S. A. Hudson, and B. S. Bochner,
“Ligation of Siglec-8: a selective mechanism for induction
of human eosinophil apoptosis,” Blood, vol. 101, no. 12, pp.
5014–5020, 2003.
[68] S. Von Gunten, S. Youseﬁ, M. Seitz et al., “Siglec-9 transduces
apoptotic and nonapoptotic death signals into neutrophils
depending on the proinﬂammatory cytokine environment,”
Blood, vol. 106, no. 4, pp. 1423–1431, 2005.
[69] F. Lajaunias, J.-M. Dayer, and C. Chizzolini, “Constitu-
tive repressor activity of CD33 on human monocytes
requires sialic acid recognition and phosphoinositide 3-
kinase-mediated intracellular signaling,” European Journal of
Immunology, vol. 35, no. 1, pp. 243–251, 2005.